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Introduction
The excessive level of urbanization (UNFPA 
2011) and the projected challenges due to 
climate change (IPCC 2014) necessitate deal-
ing with urban climate issues all around the 
world. Correspondingly, the number of stud-
ies with focus on the thermal conditions with-
in cities is rapidly growing (Chen, L. and Ng, 
L. 2012; Rupp, R.F. et al. 2015). Several from 
the earlier investigations applied well-estab-
lished human bio-meteorological indices, 
for example the Physiologically Equivalent 
Temperature – PET (Höppe, P. 1999), in order 
to express the physiological and comfort as-
pects of small-scale meteorological conditions 
in outdoor urban spaces. A great portion of 
these examinations was built on micromete-
orological measurements (e.g. Mayer, H. et al. 
2008; Lin, T.-P. et al. 2010; Hwang, R.-L. et al. 
2011; Gómez, F. et al. 2013), while others ap-
plied numerical models in order to simulate 
the consequences of diﬀ erent landscape de-
sign strategies on thermal comfort and human 
health (e.g. Fröhlich, D. and Matzarakis, A. 
2013; Müller, N. et al. 2014). Most of the ex-
isting analyzes were based on the original 
threshold values of the applied index. In the 
case of the aforementioned PET index the cat-
egory benchmarks (Figure 1) are based on the 
physiological reactions of a ‘typical’ Central 
European man (Matzarakis, A. and Mayer, 
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H. 1996; Matzarakis, A. et al. 1999). However, 
adopting the preset threshold values regard-
less of the geographical location raises the 
question of the result’s relevance regarding 
the thermal perception of local inhabitants. 
Indeed, numerous studies found consider-
able diﬀ erences between the actual thermal 
perception of people and the predicted evalu-
ation based on the well-known objective in-
dices (e.g. Lin, T.-P. and Matzarakis, A. 2008; 
Kántor, N. et al. 2012a; Yin, J.F. et al. 2012; 
Krüger, E.L. et al. 2013; Lai, D. et al. 2014; 
Tung, C.-H. et al. 2014). Several papers report-
ed that those thermal conditions at which peo-
ple feel generally neutral depend on the geo-
graphical location and even on the time of the 
year (e.g. Nikolopoulou, M. and Lykoudis, S. 
2006; Hwang, R.-L. and Lin, T.-P. 2007; Lin, 
T.-P. 2009; Lin, T.-P. et al. 2011; Kántor, N. 
et al. 2012b; Lindner-Cendrowska, K. 2013; 
Yahia, M.W. and Johansson, E. 2013; Yang, 
W. et al. 2013a,b; Pearlmutter, D. et al. 2014; 
Chen, L. et al. 2015; Zeng, Y. and Dong, L. 
2015). These results prove that living under 
various background climates lead to diﬀ er-
ent degree of thermal adaptation in people, 
and even in the case of the same population, 
there are seasonal diﬀ erences in the subjec-
tive evaluation. 
Hungarian studies contributed also to this 
extensive research area and revealed obvious 
seasonal diﬀ erences in the subjective thermal 
perception and preference patt erns of local 
people (Kántor, N. et al. 2012a; Kovács, A. et 
al. 2015). Personal diﬀ erences, time of the day 
(Pearlmutter, D. et al. 2014) and outdoor or 
semi-outdoor nature of the physical environ-
ment (Hwang, R.-L. and Lin, T.-P. 2007) were 
also investigated as aﬀ ecting factors. However, 
to date, no studies have examined the infl u-
ence of solar exposure on the subjective assess-
ment of thermal environment. Therefore the 
present study aims to reveal these diﬀ erences 
using the data of a long-term Hungarian out-
door thermal comfort (OTC) project. The main 
targets of this paper are set as follows:
1. Determining exposure-dependent dif-
ferences in the subjective thermal sensation 
and thermal preference patt erns in diﬀ erent 
seasons.
2. Specifying the so-called neutral and pre-
ferred temperature values of Hungarians ac-
cording to season and solar exposure.
Methods
The city of Szeged
Building on the experiences of earlier investi-
gations a long-term OTC project was conduct-
ed in the city of Szeged (Hungary) (46°15′N, 
20°09’E). Szeged is the regional centre of the 
Southern Hungarian Great Plain with an ur-
banized area of about 50 km2. The city oﬀ ers 
ideal study areas for urban climate and hu-
man bio-meteorological investigations (e.g. 
Unger, J. 1996; Gulyás, Á. et al. 2006, 2009) be-
cause it is spread on a fl at area without con-
siderable topographical diﬀ erences (78–85 m 
a.s.l.) which allows small-scale meteorologi-
cal results to be generalized. Land-use types 
vary from the densely built-up inner city to 
the detached housing suburban areas, allow-
ing the development of several local climate 
zone types (Unger, J. et al. 2014).
Fig. 1. The original threshold values of the PET index refl ecting the thermal sensation categories and the level 
of physiological stress
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Szeged has warm temperate climate with 
uniform annual distribution of precipita-
tion. The yearly amount of precipitation is 
low (489 mm), while the sunshine duration 
is high (1978 hours). The annual temperature 
is 10.6 °C. July and August are the hott est 
months and January is the coldest time of 
the year. The daily maximum temperature is 
generally above 10 °C from March to October, 
therefore these eight months are more suit-
able for outdoor activities. On the contrary, 
the period from November to February is 
cold when the monthly amount of sunshine 
remains below 100 hours (HMS 2015).
Being already one of the warmest cities 
in Hungary, the urban climate of Szeged 
is expected to be aﬀ ected more intensively 
by the predicted warming tendencies in the 
Carpathian Basin (Pongrácz, R. et al. 2013). 
Moreover, Szeged is the third most populat-
ed city in the country with more than 170,000 
permanent residents. All of these att ributes 
make it very interesting from the viewpoint 
of OTC investigations. 
Outdoor thermal comfort surveys in Szeged
Generally, OTC surveys consist of on-site 
human bio-meteorological measurements 
as well as transverse questionnaire surveys 
when great numbers of people are inquired 
about their subjective assessments regard-
ing the actual thermal environment (Chen, 
L. and Ng, E. 2012; Rupp, R.F. et al. 2015). The 
Hungarian OTC measurements were carried 
out in 2011, 2012 and 2015. The investigations 
took place on six recreational areas, including 
popular urban squares, parks, playgrounds, 
and pedestrian zones (Figure 2). Two of the 
investigated squares (Szent István square 
and Dugonics square) received an Award of 
excellence for complete reconstruction from 
the Hungarian Society for Urban Planning. 
All survey sites are in the urbanized region 
of Szeged, allowing large number of visitors 
att ending on them. The study areas can be 
characterized with a variety of landscape-
design solutions, materials, orientations, 
vegetation cover, etc. For that reason, a wide 
range of small-scale human bio-meteorologi-
cal conditions may be expected on them.
With respect to outdoor activity, summer 
and the two transient seasons are of particu-
lar importance in Hungary. Accordingly, the 
OTC investigations covered the period from 
the end of March to the end of October, re-
sulting, altogether, in 78 measurement days 
(Table 1). The data collection lasted from 
10 a.m. to 6 p.m. except for those days when 
signifi cant precipitation events interrupted 
the measurements.
Micrometeorological measurements
Two special human bio-meteorological sta-
tions were used to collect all important atmos-
pheric variables that infl uence human thermal 
sensation. The stations were placed simulta-
neously at two signifi cantly diﬀ erent sites of 
the same study area; typically in sunny and 
shaded (shaded by tree or building) position. 
Depending on the specifi c design of the study 
areas, the stations were placed sometimes on 
grassy surface, while other times on diﬀ erent 
types of artifi cial ground cover like asphalt 
pavement, red-coloured paving stones and 
light-coloured gravel (Figure 3).
The stations recorded one-minute averages 
of all meteorological variables. Air temperature 
(Ta), relative humidity (RH) and wind speed (v) 
were measured by a WXT520 Vaisala weather 
transmitt er in the case of both stations (Figure 
3). Rotatable net radiometers were used to mon-
itor the 3D radiant environment, i.e. to record 
short-wave and long-wave radiation fl ux densi-
ties from six perpendicular directions (Ki and Li 
[W/m2], i: up, down, East, West, South, North). 
One of the stations was equipped with CNR1, 
and the other with CNR4 type Kipp & Zonen 
net radiometer. By means of telescopic tripods 
the sensors were placed at a height of 1.1–1.2 m 
above ground level which is suitable for OTC 
investigations (Mayer, H. et al. 2008).
Normally, the arm of the net radiometer 
points to the South. In this position the two 
pyranometers and two pyrgeometers faces 
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Table 1. Seasonal distribution of OTC measurement days in Szeged
Spring (26 days) Summer (28 days) Autumn (24 days)
March April May June July August September October
29.03.2011
30.03.2011
26.03.2012
27.03.2012
–
–
–
–
–
–
–
–
–
12.04.2011
13.04.2011
19.04.2011
20.04.2011
26.04.2011
27.04.2011
02.04.2012
03.04.2012
16.04.2012
23.04.2012
24.04.2012
–
–
03.05.2011
04.05.2011
10.05.2011
11.05.2011
08.05.2012
15.05.2012
16.05.2012
08.05.2015
13.05.2015
19.05.2015
20.05.2015
–
–
22.06.2011
07.06.2012
08.06.2012
21.06.2012
25.06.2012
08.06.2015
15.06.2015
17.06.2015
18.06.2015
–
–
–
–
04.07.2011
08.07.2011
12.07.2011
02.07.2012
05.07.2012
06.07.2012
09.07.2012
10.07.2012
19.07.2012
20.07.2012
23.07.2012
24.07.2012
–
03.08.2011
04.08.2011
22.08.2011
23.08.2011
02.08.2012
27.08.2012
28.08.2012
–
–
–
–
–
–
12.09.2011
13.09.2011
19.09.2011
26.09.2011
27.09.2011
17.09.2012
18.09.2012
19.09.2012
21.09.2012
24.09.2012
26.09.2012
–
–
03.10.2011
04.10.2011
10.10.2011
17.10.2011
18.10.2011
25.10.2011
01.10.2012
03.10.2012
05.10.2012
08.10.2012
10.10.2012
17.10.2012
19.10.2012
Fig. 3. Human bio-meteorological measurements and questionnaire surveys on popular recreational areas 
of Szeged. (Accuracy of measured parameters are also indicated).
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upward and downward, allowing the meas-
urement of Ki and Li separately from the upper 
and lower hemisphere (Ku, Kd, Lu, Ld). Aft er 3-
minute measurement in this position, the net 
radio-meters were rotated manually into the 
second position when the sensors faced to East 
and West (Ke, Kw, Le, Lw). Again, aft er 3-minute 
measurement the arms were turned with 90° 
to measure from South and North (Ks, Kn, Ls, 
Ln). Considering the 10 a.m. – 6 p.m. meas-
urement interval, this procedure required 160 
rotations per day in the case of both stations. 
Taking into account the response time of the 
sensors as well as the time delay due to the 
manual rotation, all Ki and Li were deleted that 
were recorded fi rst time aft er the rotations. 
Index calculation
Mean radiant temperature (Tmrt [°C]) is a pa-
rameter with primary importance in the fi eld 
of human bio-meteorology and OTC surveys. 
It combines all long-wave and short-wave ra-
diant fl ux densities into a single value with 
°C-dimension. Tmrt is defi ned as the uniform 
temperature of an imaginary black body-radi-
ating surrounding, which results in the same 
radiant heat exchange for the human body 
inside this hypothetical environment as the 
complex 3D-radiant environment in the real-
ity (Höppe, P. 1992; Kántor, N. and Unger, J. 
2011). Tmrt is usually calculated for a standard-
ized standing person. In the case of this study, 
Tmrt was determined based on six Ki and six Li 
fl ux densities, which were obtained from three 
consecutive stands of the net radiometer:
where ak and al are absorption coeﬃ  cients of 
the clothed human body in the short- and 
long-wave radiation domain (assumed to 
be 0.7 and 0.97, respectively), σ is the Ste-
fan–Boltzmann constant (5.67·10–8 W/m2K4) 
and Wi is a direction-dependent weighting 
factor. Assuming standing reference subject, 
Wi is 0.06 for vertical and 0.22 for horizontal 
directions (Höppe, P. 1992).
PET index was selected for the purpose 
of this study to describe the thermal envi-
ronment along with the possible thermal 
sensation and degree of physiological stress 
(Figure 1). PET is regarded to be one of the 
most comprehensive human bio-meteorologi-
cal indices and it has been widely used for dif-
ferent OTC studies all around the world (e.g. 
Gulyás, Á. et al. 2006; Lin, T.-P. 2009; Kántor, 
N. et al. 2012a; Yahia, M.W. Johansson, E. 
2013; Pearlmutter, D. et al. 2014; Kovács, 
A. et al. 2015; Zeng, Y. and Dong, L. 2015). 
PET calculations were performed with the 
RayMan soft ware (Matzarakis, A. et al. 2010) 
by using the formerly obtained Tmrt values 
and the directly measured Ta, RH, v values. 
The evaluation by PET (Figure 1) always 
refers to a standardized subject (a ‘typical’ 
35 years old Central European man perform-
ing light activity and wearing light business 
suit) representing a large group of people 
(Höppe, P. 1999). 
Recording subjective assessment of thermal 
environment
The assessment of thermal conditions is highly 
subjective, meaning that diﬀ erent individuals 
may evaluate the same thermal environment 
diﬀ erently (Mayer, H. 2008). In order to reveal 
these patt erns, structured interviews were car-
ried out with thousands of people spending 
their time in the study areas during the hu-
man-meteorological measurements. People 
who walked, stood or sat near to the stations 
were invited to fill an OTC questionnaire 
which could be fi nished within fi ve minutes 
(Figure 3). Similarly to many international ex-
amples (e.g. Nikolopoulou, M. and Lykoudis, 
S. 2006; Hwang, R.-L. and Lin, T.-P. 2007; Lin, 
T.-P. 2009; Krüger, E.L. et al. 2013; Yang, W. et 
al. 2013a,b; Pearlmutter, D. et al. 2014; Chen, 
L. et al. 2015; Zeng, Y. and Dong, L. 2015), 
the questionnaire consisted of more question 
blocks regarding personal factors, area usage, 
behavioral reactions, evaluation of the area 
and subjective assessment of the thermal en-
vironment (Kántor, N. et al. 2012a). 
Tmrt = (∑6=1 Wi · (ak · Ki + al · Li))1/4  –273.15
                  
  i          
 al · σ
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This paper focuses on the subjective 
thermal sensation and thermal preference. 
Thermal Sensation Votes (TSV) were collected 
by means of a semantic diﬀ erential scale with 
9 main ordered categories: very cold (-4), 
cold (-3), cool (-2), slightly cool (-1), neutral 
(0), slightly warm (1), warm (2), hot (3), very 
hot (4). Selection of intermediate options was 
also possible. Thermal Preference Votes were 
recorded by answering the question ‘Would 
you like any changes in the actual thermal 
conditions to feel (more) comfortable?’ In this 
case, people could choose from three options: 
want cooler (-1), want no change (0), want 
warmer (+1). 
From the collected personal information 
this paper focuses on the solar exposure of 
subjects – whether they stayed in the sun, or 
in the shade. Sometimes the ascertainment of 
the position was not possible because clouds 
reduced the intensity of global radiation, 
thus made impossible to distinguish shad-
ed and sunny areas. These questionnaires 
were excluded from the analyses. 
Additionally, many samples were 
removed due to missing meteoro-
logical data (failure in the record-
ings of any micrometeorological 
parameters which hindered the 
calculation of PET index). 
Analysis methods
Regression analysis was performed 
for comparing subjective thermal 
sensation (and thermal preference) 
patt erns and specifying neutral (and 
preferred) temperatures according 
to the investigated seasons and solar 
exposure. Besides, probit model was 
adopted to analyse the thermal prefer-
ences of Hungarians among diﬀ erent 
circumstances. These main analyses 
were supplemented with simple de-
scriptive statistics. The analyses were 
performed within the PASW Statistics 
soft ware, and some of the artworks 
were created within MS Excel. 
Results and discussion
Thermal sensation according to seasons and 
solar exposure
6,764 questionnaires were obtained during 
the field surveys, but only 4,700 subjects 
were selected for the purpose of this study; 
only those who had valid PET index and so-
lar exposure. All interviewees were Hungar-
ian citizens, generally they reported about 
good health conditions and 2/3 of them were 
female. The individuals’ age varied between 
5 to 95 years, and most of them belonged to 
the young age group (14 to 30 years). 
People selected generally from the 
main thermal sensation votes (Figure 4). 
Nevertheless, more than 20% of the ques-
tioned individuals selected intermediates 
(votes of 1.5 and 2.5 occurred most frequent-
ly). The most frequent vote was slightly warm 
(1) in both transient seasons. In summer how-
ever, in accordance with the warmer thermal 
Fig. 4. Distribution of TSV according to seasons and subjects’ solar 
exposure
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conditions, people reported most frequently 
warm (2) thermal sensation. In each season, 
mean TSV values were lower if subjects 
stayed in the ‘shade’. The greatest diﬀ erence 
between the two exposure groups was found 
in spring (Figure 4). 
Neutral temperature and neutral PET zone
Neutral temperature (nPET) refers to those 
thermal conditions at which people feel nei-
ther cool, nor warm, i.e. which are perceived 
as neutral. Several studies determined nPET 
by regression analysis between TSV and PET 
(e.g. Lin, T.-P. 2009; Kántor, N. et al. 2012a,b; 
Yang, W. et al. 2012b; Krüger, E.L. et al. 2013; 
Yahia, M.W. and Johansson, E. 2013; Kovács, 
A. et al. 2015). Since thermal sensation varies 
greatly among subjects even in the same ther-
mal conditions (i.e. at the same PET value), 
mean thermal sensation votes (MTSV) were 
calculated according to 1 °C wide PET inter-
vals. Considerably diﬀ erent thermal percep-
tion patt erns were revealed among the inves-
tigated groups by plott ing mean TSV values 
against PET index, and weighting them with 
the case numbers per PET bin (Figure 5).
Quadratic regression fi t the TSV–PET data 
pairs well with considerable statistical sig-
nifi cance (Table 2). According to the deter-
mination coeﬃ  cients (R2) at least 92% of the 
variability in Hungarians’ subjective thermal 
sensation can be explained by the PET index 
in every season if the subjects stay in shaded 
position. The worst R2 value was found in the 
summertime ‘sunny’ group; probably due to 
the small sample size (N = 151).
Neutral temperature (nPET) can be deter-
mined by solving the regression equation 
for TSV = 0, or reading its value from the re-
gression chart. The fi tt ed quadratic functions 
intersect the TSV = 0 line at diﬀ erent PET 
values, indicating sometimes considerably 
diﬀ erent nPET (Figure 5). Substituting -0.5 
and 0.5 into the quadratic equations assign 
the lower and upper PET thresholds of the 
neutral category. Worth noting that for the 
‘sunny’ group in summer the values of nPET 
and the lower boundary of neutrality could 
be determined only by extrapolation, i.e. out-
side from the covered PET range (Figure 5).
Preferred temperature and preferred PET zone
Two analysis techniques were adopted aiming 
to allocate the preferred thermal conditions 
in diﬀ erent seasons and diﬀ erent exposure 
groups. First, the above presented regression 
procedure was repeated for thermal prefer-
ence votes (Kovács, A. et al. 2015; Table 3). 
Compared to the case of TSV, the obtained R2 
values were lower in this case, probably due 
to people had only three preference options 
to choose. However, the signifi cance level was 
0.000 in every group and the quadratic func-
tions fi tt ed the TPV–PET data pairs fairly well. 
Preferred temperature (pPET), as well as the 
boundaries of the preferred PET zone were 
calculated by substituting 0, 0.125 and -0.125 
into the quadratic equations. The obtained 
results will be demonstrated later.
The other way of pPET determination is 
based on probit model (Ballantyne, E.R. et al. 
1977). Generally, probit analysis is used to in-
vestigate many kinds of dichotomous response 
variables in a variety of research fi elds. In this 
study, two binomial response variables were 
investigated as a function of PET: the relative 
frequency of TPV>0 (want warmer) and TPV<0 
(want cooler) votes per PET bin. 1 °C wide 
PET intervals were utilized for both models. 
The occurrence probability of the mentioned 
preference votes depends on PET according 
to a sigmoid function (a mathematical function 
having an ‘S’ shape), and with the increment of 
PET the probability of TPV>0 votes decreases, 
while the probability of TPV<0 votes increases 
(Figure 6). Pearson goodness of fi t test (building 
on χ2 statistics) was utilized to check the ob-
tained probit models (Table 4). The signifi cance 
level was generally below 0.150, indicating that 
the fi t was suﬃ  cient in most of the cases. 
Researchers from East Asia assumed that 
the intersection point of the fi tt ed probit mod-
els TPV<0 and TPV>0 indicates the preferred 
temperature (Hwang, R.-L. and Lin, T.-P. 2007; 
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Table 2. Quadratic regression between ‘weighted mean TSV’ and PET
Conditions N R2 Sig. Equation
Spring shadesunny
940
1,163
0.919
0.899
0.000
0.000
-2.28⋅10-3 ⋅PET2 + 0.215⋅PET - 2.715
-2.50⋅10-3 ⋅PET2 + 0.227⋅PET - 3.152
Summer shadesunny
815
151
0.928
0.645
0.000
0.000
-3.56⋅10-3 ⋅PET2 + 0.342⋅PET - 5.294
-0.53⋅10-3 ⋅PET2 + 0.119⋅PET - 1.921
Autumn shadesunny
1,260
371
0.967
0.811
0.000
0.000
-2.50⋅10-3 ⋅PET2 + 0.234⋅PET - 3.218
-0.83⋅10-3 ⋅PET2 + 0.144⋅PET - 2.735
Fig. 5. Determination of neutral temperature (nPET) and neutral PET zone according to seasons and exposure 
groups
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Table 3. Quadratic regression between ‘weighted mean TPV’ and PET
Conditions N R2 Sig. Equation
Spring shadesunny
940
1,163
0.935
0.827
0.000
0.000
-1.77⋅10-3⋅PET2 + 0.015⋅PET + 0.893
-0.52⋅10-3⋅PET2 - 0.010⋅PET + 1.033
Summer shadesunny
815
151
0.912
0.593
0.000
0.000
2.90⋅10-3⋅PET2 - 0.235⋅PET + 3.918
-0.87⋅10-3⋅PET2 + 0.019⋅PET + 0.288
Autumn shadesunny
1,260
371
0.925
0.755
0.000
0.000
-0.04⋅10-3⋅PET2 - 0.052⋅PET + 1.159
-0.51⋅10-3⋅PET2 - 0.004⋅PET + 0.645
Fig. 6. Determination of preferred temperature (pPET) and thermal preference zone based on probit technique
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Lin, T.-P. 2009; Lin, T.-P. et al. 2011; Yang, W. 
et al. 2013a,b). However, TPV<0 and TPV>0 
curves intersect each other always below 50% 
level of probability, and considering a vertical 
axis, the two transition curves are usually not 
symmetrical to each other (Figure 6). That is, 
the rate of decline in the probability of ‘want 
warmer’ votes does not equal generally to 
the rate of incline in the probability of ‘want 
cooler’ votes. Therefore the intersection point 
does not necessarily coincide with the maxi-
mum probability of ‘want no change’ votes. 
Consequently, it seemed reasonable to depict 
the probability of TPV = 0 votes (calculated 
by substracting the probabilities of TPV<0 
and TPV>0 from 100%) against the PET index 
and assign pPET where this curve reaches its 
maximum. Besides, preferred PET zone could 
be defi ned on those PET range where the oc-
currence probability of TPV = 0 vote exceeds 
the probability of the other votes (Figure 6).
Summary of the results
Figure 7 oﬀ ers a graphical summary about 
the pPET values obtained through the diﬀ er-
ent analysis approaches. The outcomes are 
very close to each other in almost every case. 
Moreover, the match is perfect in the cases 
of the sunny-spring, and the shade-autumn 
groups. The greatest diﬀ erence (3.5 °C) was 
found in the sunny-summer group. Note 
that the probit-fi t was less signifi cant (sig = 
0.301 for TPV<0 and 0.159 for TPV>0) in this 
group, moreover, this group had the lowest 
R2 (0.593) value in quadratic regression. 
Figure 8 oﬀ ers a graphical overview about 
the neutral and preferred thermal conditions 
(based on the results obtained through the re-
gression technique). One can observe fi rst of 
all the striking diﬀ erence between the nPET 
and pPET values. Hungarians’ nPET values 
ranged from 15.1 °C (spring-shade) to 21.6 °C 
(autumn-sunny), thereby falling into the origi-
nal PET-zones of ‘slight cold stress’ and ‘no 
thermal stress’. On the contrary, pPET values 
scatt ered from the ‘no thermal stress’ to ‘strong 
heat stress’ categories. The lowest pPET (22 °C) 
occurred in the autumn-shade group and the 
highest (36 °C) in the spring-sunny group. 
The second most important feature is the 
remarkable diﬀ erence between the sunny and 
shaded groups (Figure 8). Indeed, sunny nPET 
and pPET values were always higher than the 
corresponding shaded values. In terms of 
nPET the diﬀ erence was only 2 °C in spring, 
Table 4. Goodness of fi t of the probit models
Conditions Number of PET bins
model TPV<0 model TPV>0
χ2 Sig. χ2 Sig.
Spring shadesunny
30
35
51.618
43.645
0.004
0.102
31.534
48.044
0.294
0.044
Summer shadesunny
32
29
89.711
30.301
0.000
0.301
13,894.862
34.233
0.000
0.159
Autumn shadesunny
31
41
57.067
53.028
0.001
0.066
350.176
40.031
0.000
0.424
Fig. 7. Comparison of pPET values obtained through 
diﬀ erent analysis techniques
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Fig. 8. Thermal conditions assessed as ‘neutral’ and ‘preferred’ by Hungarians according to their solar exposure 
in diﬀ erent seasons (all results are based on regression technique; level of thermal stress is indicated according 
to the original PET scale)
while it was almost 5 °C in autumn. The diﬀ er-
ences in pPET values were even greater: they 
were close to 10 degrees in every season. 
Finally, different seasonal order can be 
observed in nPET and pPET values. (Merely 
the shaded exposure group is discussed here, 
because the sunny results are more uncer-
tain due to the lower sample size.) The nPET 
values follow the increasing order of spring, 
autumn and summer (Figure 8), which cor-
responds both to the general seasonal back-
ground temperature diﬀ erences, both to the 
diﬀ erences in the recorded actual thermal 
conditions. This seasonal pattern proves 
that Hungarian people adapt themselves to 
the seasonally diﬀ erent climate conditions. 
In summer they perceive neutral between 17 
°C and 22 °C (with a neutral temperature of 
19.4 °C), while in the cooler transient seasons 
they feel neutral at lower PET values which 
can be assessed even as slight cool stress. 
Regarding the preferred thermal conditions, 
the seasonal order is diﬀ erent: pPET is around 
22 °C in autumn and summer, while it is above 
27 °C in spring. (The sunny-springtime value 
is even higher: it is 36 °C.)
The highest pPET in springtime, as well as 
the greatest diﬀ erence between the nPET and 
pPET values in spring may be explained as 
follows. Aft er the cold and dark winter pe-
riod Hungarian people are looking for any 
environmental opportunities to feel warm. 
Although they are adapted to cooler temper-
atures during winter, they wish for warmer 
thermal sensation, even if this behaviour 
connotes certain degree of heat stress. The 
longing for warmer thermal conditions make 
most people to expose them to the intense 
direct sunlight in springtime (see the great 
portion of subjects in the spring-sunny 
group; Figure 4), which may have serious 
consequences regarding their sensitive skin 
and sensitive thermoregulation system at the 
end of the long winter-period.
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Relevance of the research fi ndings
Although PET and many other well-estab-
lished indices are suﬃ  ciently and frequently 
used in the fi eld of human-biometeorology for 
the objective assessment of the thermal envi-
ronment, the outcomes of this study prove the 
importance of questionnaire-supported OTC 
investigations. Having knowledge about the 
subjective thermal assessment of local peo-
ple allows explaining such ‘illogical’ outdoor 
behaviours which are reported by Kántor, 
N. and Unger, J. (2010). By comparing the 
number of visitors and their outdoor behav-
iours in a small urban park in the transient 
seasons they revealed that in spite of the 
strong heat stress, most people tend to sit 
or lie in sunny places in springtime. At the 
same level of thermal stress in autumn, people 
rather choose shady places to spend their time 
outdoors (Kántor, N. and Unger, J. 2010). 
This investigation demonstrated clear 
seasonal diﬀ erences in neutral temperature 
and preferred temperature, similarly to pre-
vious studies (e.g. Spagnolo, J. and de Dear, 
R. 2003; Nikolopoulou, M. and Lykoudis, S. 
2006; Lin, T.-P. 2009). Additionally, this pa-
per evinced that subjective thermal sensa-
tion may greatly diﬀ er from the original PET 
categorization system which was established 
for Central European people (Matzarakis, 
A. and Mayer, H. 1996). Indeed, except the 
shady-summer group, the neutral zone of 
Hungarian people (Figure 8) was consider-
ably wider than the original 5 °C-wide zone 
(18–23 °C; Figure 1) indicating greater toler-
ance against the changes of outdoor thermal 
environment. The width of the neutral zone 
exceeded 7 °C in the transient seasons, being 
more than 9 °C wide in the sunny-autumn 
group. This fi nding may be explained by the 
multifarious and changeable weather condi-
tions in the transient seasons, which make 
people less sensitive against the variations 
of outdoor thermal conditions.
As most important achievement, this paper 
revealed that solar exposure has signifi cant 
infl uence on the subjective evaluation of ther-
mal conditions. This fi nding may have inter-
national signifi cance. As mentioned above, 
several studies reported about seasonal 
diﬀ erences in neutral temperature without 
scrutinizing the role of exposure on the ob-
tained results. However, people choose dif-
ferent positions in diﬀ erent seasons: seeking 
to expose them to direct sunlight aft er the 
cold and dark winter months, and stay in the 
shade during summer and the warm months 
of autumn. The diﬀ erent seasonal exposure-
patt erns mean that the neutral temperature 
refl ects more the assessment of sun-exposed 
subjects in spring, and the assessment of 
people in the shade in summer and autumn. 
Thorough analysis of the seasonal neutral 
(and preferred) temperature values accord-
ing to exposure-groups sheds more light on 
the real assessment patt erns of local people, 
which explains bett er the seasonal diﬀ erences 
in their outdoor behaviour.
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